In postmenopausal women the mechanisms responsible for hypertension have not been completely elucidated and there are no gender specific guidelines for women despite studies showing that blood pressure is not as well controlled to goal in women as in men. In the present study we tested the hypotheses that the sympathetic nervous system and the renal sympathetic nerves contribute to hypertension in aging female rats, that sympathetic activation may be mediated by the melanocortin 3 / 4 receptor (MC3/4R), and that MC3/4R activation may be due to increases in leptin. Alpha-1, beta-1,2-adrenergic blockade reduced blood pressure in both young (3-4 mos) and old (18-19 mos) female (spontaneously hypertensive rats (SHR). Renal denervation attenuated the hypertension more in old females than young females. MC3/4R
INTRODUCTION
Aging in both women and men is associated with increases in blood pressure. However, the National Health and Nutrition Examination Survey (NHANES 1999 (NHANES -2004 showed that after 50 years of age, the prevalence of hypertension is higher in women than in men regardless of ethnicity (6). In fact, cardiovascular disease is one of the most important causative factors in increased mortality and morbidity in women, and hypertension is a leading risk factor for cardiovascular disease (20, 23, 27, 41) . The mechanisms responsible for the increase in blood pressure in postmenopausal women have not been completely determined.
Just as in many women, as they age, female SHR exhibit increases in blood pressure such that by the time they reach 16-18 months of age, their blood pressure is similar to or higher than in age-matched males (20, 41) . We have evaluated several systems that are known to contribute to blood pressure control in these old females, such as the renin-angiotensin system, the endothelin system, and eicosanoids such as 20-HETE pathways (21, (38) (39) (40) . We found that blockade of these pathways separately, and/or in combination, reduces the blood pressure in old female SHR, but does not normalize the blood pressure (21, (38) (39) (40) , thus suggesting additional systems may contribute to the hypertension.
While the causes of hypertension in aging humans have not been completely elucidated, activation of the sympathetic nervous system (SNS) has been implicated (1, 16) . Growing evidence suggests that the SNS acts through the renal sympathetic nerves, increasing the renin release, altering the glomerular filtration rate, and increasing tubular sodium reabsorption, and there may be gender differences in these effects (1, 9, 15, 25) . We have shown previously that renal sympathetic denervation reduces the blood pressure in young male and female SHR by the same percentage (17) .
So while renal sympathetic nerve activity contributes to hypertension in both male and female SHR while they are young, it does not explain the sex difference in blood pressure that is found in these rats. The role that the sympathetic nervous system plays and, in particular, the role that the renal sympathetic nerves may play in mediating the hypertension in old female SHR has not been determined to our knowledge.
One of the ways in which the sympathetic nervous system can be stimulated is via activation of pro-opiomelanocortin (POMC) neurons and melanocortin 3/4 receptors (MC3/4R). This pathway is thought to play a role in mediating obesity hypertension with one of the activating factor being leptin (10, 12, 14) . da Silva and colleagues showed previously that despite not being obese, blockade of the MC3/4R with SHU-9119 in young male SHR reduced their blood pressure (8), suggesting the MC3/4R pathway is a mechanism responsible for SNS activation in young males. Whether MC3/4Rs play a role in mediating the hypertension in aging female SHR is not clear. Studies have shown that leptin levels increase with aging in women (7) and are typically higher in women than men (22), since leptin is released from adipose tissue and women have more adipose tissue especially with aging, even when they are not overweight.
Furthermore, leptin levels were found to be associated with hypertension in postmenopausal women in the Family Heart Study (22). Again, whether leptin levels are higher in old female SHR than in males, and whether this could contribute to their hypertension is unknown.
Based on these data and the data showing that sympathetic activation plays a role in many forms of primary essential hypertension in humans, we tested the hypotheses that 1) upregulation of the sympathetic nervous system indeed does contribute to hypertension in aging female SHR; 2) the renal sympathetic nerves contribute to the hypertension in old female SHR more than in young females; and 3) that the mechanism responsible for activation of the sympathetic nervous system in old females is mediated in part via MC3/4R and perhaps is due to higher levels of leptin that activate MC3/4R. International, St. Paul, MN) were implanted in the abdominal aortae using isoflurane anesthesia, as we have previously described (17, 21, 39) . After 2 weeks recovery from surgery, mean arterial pressure (MAP) was measured for 5 days as a baseline period. After that, both groups were treated with terazosin (10 mg/kg/d sc; a selective alpha 1 receptor antagonist) and propranolol (10 mg/kg/d sc; a non-selective beta 1,2 receptor antagonist) via osmotic minipumps (Alzet) for 7 days with continuous MAP measurement. During the treatment period, all rats drank similar amounts of water (30-35 ml/day) and excreted similar amounts of urine (29.6 -33.5 ml/day), and body weights were similar throughout the study.
MATERIAL AND METHODS

Rats
Alpha-and beta blockade adequacy was tested on day 5 of blockade via femoral vein catheters using phenylephrine (4 µg/200 µl iv) followed 5 min later with isoproterenol (0.7 µg/200 µl iv). The agonist infusion was timed exactly and its effects on both MAP and HR were recorded 1 min after each bolus, and compared with MAP and heart rate immediately before the infusion (2,3,5,24,28). Adrenergic blockade was also tested in untreated young female SHR as controls (n=3).
Protocol 2. Renal denervation. Male and female SHR, aged 3 months or 16-18 months (n=6/group), were subjected to right uninephrectomy (UNX) via dorsal incision during isoflurane anesthesia. After two weeks recovery, rats were subjected to midline abdominal incision under isoflurane anesthesia, and left renal denervation was performed by painting the left renal nerves and the left renal artery with 10% phenol in ethanol solution and then cutting all the visible renal nerves, as we previously described (17) . All sham animals also received left UNX two weeks before, and on the day of surgery, renal nerves were identified but left undisturbed. Immediately after renal denervation, radiotelemetry transmitters (TA11PA-C40, Data Sciences International Transoma) were implanted into the abdominal aorta below the renal arteries, as previously described (21, 39) .
Two weeks after renal denervation and telemetry implantation, MAP and heart rate (HR)
were measured continuously in all animals for 5 days as previously described (21, 39) . At the end of the experiment, the animals were anesthetized with isoflurane, and kidneys were removed and snap-frozen in liquid nitrogen for measurement of norepinephrine content by liquid chromatography/mass spectroscopy (17, 42) mm long) was implanted into the right lateral cerebral ventricle, as previously described (8). The guide cannula was anchored into place with two stainless steel machine screws, a metal cap, and dental acrylic, and a stylet was inserted to seal the cannula to keep it from becoming clogged. Several days after the rats recovered from surgery, accuracy of the cannula placement was tested by measuring the dipsogenic response (immediate drinking of at least 5 ml of water in 10 min) to an intracerebroventricular (ICV) injection of 100 ng of angiotensin II. After two weeks recovery, MAP and heart rate were measured during a 5-day baseline period, and then an osmotic minipump (Alzet) was implanted subcutaneously in the scapular region and connected to the ICV cannula using polyethylene tubing for infusion of the MC3/4R antagonist, SHU-9119 (1 nmol/h, 0.5 μl/h ICV) for 10 days. The dose of SHU-9119 infusion was based on our previous studies showing that this dose effectively blocks MC3/4R and increases food intake (8). Since SHU-9119 causes an increase in food intake, body weight was measured before ICV cannula implantation and again at the end of the study, and food intake was recorded daily. After the experiment, the animals were euthanized, the brains removed, sectioned, and stained with cresyl violet to confirm the placement of the cannula in the right lateral ventricle.
Plasma leptin levels: Plasma leptin was measured using an enzyme linked immunosorbent assay (ELISA; Crystal Chem, Downers Grove, IL), per manufacturer instructions. For leptin measurements comparing old males and females, blood was drawn at euthanasia in control and following SHU. SHU had no effect on plasma leptin levels, so the data were combined for the control and SHU-treated rats (n=12/grp). For comparison between young and old females, leptin was measured in blood taken from different untreated rats than described above for SHU study (n=8/grp).
Statistics. Data are presented as mean ± standard error of the mean (SEM). The significance of difference in mean values between and within groups was determined using a two way ANOVA for repeated measures and a Dunn's test for preplanned comparisons using SigmaPlot software.
The significance of absolute and/or percent change in blood pressure after adrenergic blockade and renal denervation in variou valued between groups was performed using an unpaired T test using Graphpad Prism. The significance of differences in leptin levels between groups were also analyzed using an unpaired T test. P<0.05 was considered to be statistically significant. was significantly greater in old females (-27±3%) than young females (-18±2%, p<0.04).
RESULTS
Adequacy of blockade:
As shown in Table 1 , blockade was tested as described in
Methods. After α-adrenergic blockade, neither phenylephrine nor isoproterenol had a significant effect on MAP or heart rate (HR) in old and young females. These data suggest adequate blockade with α1, β1,2-adrenergic blockers in both young and old female SHR.
Protocol 2: Renal Denervation: As shown in Figure 2A , Protocol 3: Melanocortin 3 / 4 receptor antagonism: As shown in Table 2 and Figure 3A , SHU-9119 treatment increased the food intake by 69±8% in young female SHR, and body weight by 29±4%. Vehicle-treated young females also exhibited an increase in body weight during the experimental period of 17±6% (increase in food intake of 18±0.7%). Despite the effect on food intake, a hallmark of blockade, MC3/4R antagonism had no effect on MAP (Figures 3B), but significantly reduced heart rate in young female SHR when compared to untreated vehicle controls ( Figure 3C ).
In old female SHR, chronic MC3/4R antagonism with SHU-9119 increased the food intake by 65±6% ( Figure 4A ) and increased body weight by 18±% ( Figure 4A , Table 2 ).Unlike in young females, however, vehicle-treated old females did not have an increase in body weight during the experimental period ( Table 2 ). As noted in Figure 4A , MAPs were different on some baseline measurement days between rats destined to get SHU and controls destined to untreated, since we randomized the rats to groups without looking at the MAP in baseline.
However, as in young female SHR, SHU-9119 treatment had no effect on MAP in old female SHR compared to vehicle controls ( Figure 4B ). Heart rate was also not affected by SHU-9119
( Figure 4C ).
In old male SHR, chronic MC3/4 antagonism increased food intake by 58±9% and body weight by 23±3% ( Figure 5A and Table 2 ). However, unlike the young and old female SHR, MC3/4R antagonism reduced MAP and heart rate in old male SHR ( Figures 5B and 5C ).
Leptin levels:
Comparison of plasma leptin levels in old males and females showed no difference between the two groups (males (n=12): 4.18 ± 1.12; females (n=10): 3.87 ± 0.88 ng/ml, p=NS). Leptin levels in other groups of age-matched young (n=7) and old females (n=9)
(not included in the SHU-study) were also not different (young: 2.21±0.42; old: 2.55±0.42 ng/ml, p+NS).
DISCUSSION
The main findings of these studies are: 1) the sympathetic nervous system contributes to hypertension in young and old female SHR; however, the decrease in blood pressure with adrenergic blockade was greater in old females compared to young females, suggesting a greater contribution of the sympathetic nervous system to hypertension in old females. 2) Renal denervation also reduced the blood pressure in both young and old females, and while the depressor response was slightly greater in old females, more importantly, MAP after renal denervation remained above 140 mm Hg in old females, supporting our previous studies
showing that mechanisms other than the renal nerves also contribute to the hypertension in old female SHR. 3) MC3/4R antagonism reduced blood pressure in old males (as previously shown in young males (5)), but had no effect in young or old females, suggesting that while sympathetic activation plays an important role in mediating the hypertension in females, the mechanisms responsible for activation of the SNS are likely independent of MC3/4R activation.
4) Finally, leptin levels are not different in old male and female SHR, leaving the role of leptin in mediating the activation of MC3/4R in old males in question.
Aging in humans is associated with significant increases in muscle sympathetic nerve activity (MSNA), with women exhibiting higher MSNA than men after the age of 60 years (25, 26, 30 ). In addition, there is evidence in premenopausal women that sympathetic nerve activity may be reduced by estradiol (35, 36) . In support of this hypothesis, Narkiewicz and colleagues reported that MSNA increased more with age in women than in men (25) . Interestingly, Tank and colleagues reported that MSNA correlated well with aging in both men and women, and but that increasing waist to hip ratio, body mass, and waist circumference correlated with increasing MSNA in men, but not in women (33). Vianna and colleagues also reported that the increase in MAP after MSNA burst was attenuated with aging but was attenuated more in women than men (34).
Our present studies support the notion that the SNS plays an essential role in mediating hypertension in aging female SHR. We have shown previously that the renin-angiotensin system (39), the endothelin system (38) , and eicosanoid synthesis, particularly 20-HETE (40), also contribute to the hypertension in aging female SHR. In fact, we recently showed that blockade of all three of these systems still fails to normalize the mean arterial pressure to 100 mm Hg (21) . The results of the present study suggest that activation of the sympathetic nervous system can easily account for the remaining elevation in blood pressure.
We previously showed that the renal sympathetic nervous system plays a role in mediating the hypertension in young male and female SHR (17) . In addition, we showed that the sex difference in blood pressure in these young rats could not be explained on the basis of renal nerve activation alone since the percentage reduction in mean arterial pressure with renal denervation was similar in young males and females (17) . In our current study, renal denervation in old female SHR caused a reduction in blood pressure that was greater (both numerically and by percentage) than in young females. Importantly, the mean arterial pressure remained at 139 ± 4 mm Hg in the old females, supporting our previous studies of other nonrenal sympathetic nervous system mechanisms contributing to their hypertension. Renal sympathetic nerve activity decreases with age in humans, as shown by Esler and colleagues Various studies have shown that hypertension in women, particularly aging women, is not as well controlled to therapeutic goal as in men (11, 18, 27) . Pharmacotherapy guidelines for treatment of hypertension are similar in men and women since there is evidence that both genders respond with similar efficacy (11, 27) . The use of beta blockers for first line therapy in uncomplicated hypertension has been debated and is no longer recommended in individuals at average risk (27). However, beta blockers are considered as first-line therapy in women at increased risk of cardiovascular disease, such as in women with known coronary heart disease, peripheral vascular disease, or a 10-year Framingham risk score greater than 20% (27). Our data in old female SHR would support the concept use of adrenergic blockade in chronically hypertensive postmenopausal women may be helpful in controlling their blood pressure.
In the present study we also evaluated the role of the MC3/4R in mediating the hypertension in female SHR. da Silva and colleagues reported that blockade of the MC3/4R in young male SHR reduced their blood pressure by approximately 25 mm Hg (8). Based on these data, were surprised when we found no depressor response to SHU-9119 in either old or young female SHR. Therefore, we determined whether hypertension in old male SHR would respond to MC3/4R antagonism, and found that SHU-9119 caused approximately 15 mm Hg decrease in their blood pressure, similar to young males (8). Thus the fact that the MC3/4R antagonism didn't significantly reduce the blood pressure in female SHR suggests that different mechanisms may be responsible for activation of the SNS in male and female SHR. These mechanisms are not likely to be due to leptin although leptin is thought to play a major role in activation of proopiomelanocortin (POMC) neurons which release α-melanocyte stimulating hormone (α-MSH), the primary agonist for the MC3/4R. In our study, we found that plasma leptin levels are not different in old male and female SHR. However, it is possible that leptin levels in the brain may be different between old males and females, and thus still contribute to activation of the MC3/4R in males and activation of the SNS. Alternatively, differences in sex steroids may be important in regulating POMC expression and therefore α-MSH release and MC3/4R activation.
For example, testosterone-treated rats have higher levels of POMC expression in the arcuate nucleus of the hypothalamus (4), and there is an age-related decrease in POMC expression in male rats (13) . Whether higher testosterone levels in male SHR, especially young males, could explain the greater effect of MC3/4 blockade to lower blood pressure compared to female SHR is unclear.
Another intriguing finding of our studies is that the effect of MC3/4R inhibition on food intake is dissociated from the blood pressure in females, but not in males. These data suggest that perhaps in female SHR, the areas of the brain that control food intake are different than those controlling blood pressure, but that these areas may overlap in males. This finding may be a strain difference rather than a sex difference since we have preliminary data in our model of polycystic ovary syndrome (PCOS) in Sprague Dawley rats that MC3/4R antagonism attenuates the increase in blood pressure but increases food intake (data not shown). Alternatively, as mentioned above, androgens can upregulate the MC3/4R, and the PCOS model is made by giving the rats androgens (4,13). In order to evaluate the role of MC3/4R, we will have to perform studies in other hypertensive models, such as Dahl salt sensitive rats or non-genetic models in order to further evaluate any potential sex differences.
With regard to other potential mechanisms that could impact sympathetic nerve activity in females, Xue and colleagues reported that activation of estrogen receptor (ER) β in the paraventricular nucleus and rostroventrolateral medulla attenuates sympathetic nerve activity and reduces blood pressure in aldosterone hypertension in female rats (37). Thus it is possible that a reduction in estrogens with aging could contribute to SNS-mediated hypertension in women. This is not likely to be the mechanism for sympathetic activation in our old females, since ovariectomy has little effect on blood pressure in female SHR, regardless of whether they are young or old (39) .
Limitations of the studies:
One limitation of our studies is that we have not measured the expression or the ligand binding of the adrenergic receptors in our young and old female SHR. Thus it is possible that the adrenergic receptor expression or binding affinity decreases with age, such that the old females do not respond as well as young females do to adrenergic blockade. In addition, we used adrenergic blockade as an indicator that the sympathetic nervous system in general is activated in young and old female SHR, and then evaluated whether the renal nerves contributed to the hypertension in these animals. Because we were interested in the chronic control of blood pressure, we did not perform ganglionic blockade that is an acute indicator of total body sympathetic nervous system activity. Thus it is possible that the non-renal sympathetic nervous system may contribute to the hypertension in old and young female SHR which was not the question we addressed in these studies.
Perspectives and Significance
As mentioned above, hypertension in women, particularly aging women, is not as well controlled to therapeutic goal as in men (11, 18, 27) . The reasons for this problem are not clear, but the guidelines to treat hypertension in men and women are currently not different. The fact that we have shown several sex differences in the mechanisms responsible for hypertension in one of the genetic animal models of hypertension (38) (39) (40) , including the present studies), suggest that there may also be gender differences in the mechanisms responsible for hypertension in humans with aging. Indeed, our data suggest that more studies are needed to evaluate if there are any gender differences in the efficacy of both pharmacological agents and renal nerve ablation to treat hypertension. To date, despite the mandate by National Institutes of Health to include both men and women in clinical trials including those with hypertensive subjects, few studies are actually powered statistically to evaluate whether gender differences exist or not. Thus better-designed studies are necessary to determine the efficacy of antihypertensive drugs and procedures in men and women as they age. 
